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HELICOPTER RESEARCH PROBLEMS

By Alfred Gessow

Langley Aeronautical Laboratory
INTRODUCTION

This paper is restricted to a presentation of the more important
problems associated with the development of the most successful type of
rotating-wing aircraft - the helicopter - and to an indication of the
present status of research of these problems.

The helicopter as thought of at present is an aircraft in which
1ift, propulsion, and control are all provided by one or more propeller-
like rotors turning about an approximately vertical axis. The funda-
mental advantage of such an arrangement is that the means for obtaining
and controlling flight is separated from the translational speeds of the
fuselage. In spite of the many advantages afforded by this feature,
notably that of vertical flight, it was only during the last decade that
helicopters having satisfactory performesnce and handling qualities have
been built and flown. Their success can be attributed to improved
vower plants, an increased knowledge of general aerodynamics as well as
the aerodynamics of rotating-wing flight, and the backlog of experience
gathered from the hundreds of unsuccessful helicopter builders since the
time of Da Vinci.

The present-day helicopter is still in an early stage of development.
Its performance, handling characteristics, safety, and reliability, how-
ever, though still poor when Judged by modern airplane standards, are
already acceptable for a number of important applications where its
gpecial capabilities are at a premium. Prospects for further improvement
are good and a wide fleld of application, both military and commercial,
is agsured.

N DISCUSSION

The general helicopter research field is, for the present discussion,
divided into four broad classifications: performance, vibration and
flutter, stresses, and stability and control. A description of the
problems encountered in each of these fields is given, and lines of
future research are pointed out.

Performance

The problem of determining the aerodynamic characteristics of a
lifting rotor for purposes of design or performance estimation is com-
plicated by the large number of variables involved. Consequently, the
approach could not be wholly empirical, and some theoretical frame work
was required to correlate experimental data. The performance problem has
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been attacked therefore by trying to develop a method of calculating the
characteristics of the rotor from the characteristics of the blade airfoil
sections. The method is similar to that of calculating propeller charac-
teristics by blade element or strip theory but is much more complicated
because of the flapping motion of the hinged blades and because the trans-
lational (edgewise) component of velocity in forward flight must also be
accounted for. ’

In order to msake the problem capable of practical solution, certain
assumptions and simplifications had to be incorporated in the theory in
addition to the primary one of using two-dimensional airfoil character-
istics in summing up the forces acting on the blades of the rotor. A
principal assumption specified that the rotor induced velocity could be
calculated by the momentum theory and could be considered to be uniform
across the rotor disk. (See reference 1.) The resulting calculations,
which were extremely lengthy and complicated, were simplified and
condensed into design charts that give a good inslight as to the effects
of changes in rotor design parameters. (See reference 2.) Sufficient
comparisons of the theory wlth experimental data have been obtalned from
Tlight and full-scale tunnel tests to prove the validity of theory.

(See references 3 to 9 for an experimental verification of the theory
in various flight conditions.)

The accuracy of the theory is illustrated by figure 1, which shows
the good agreement between the calculated and measured characteristics,
as obtained in flight, of a test rotor in terms of a plot of power
against velocity. It might be mentioned that model tests in general are
not satisfactory for helicopter-performance work because of the effects
of scale on the aerodynamic characterigstics of the blade elements.

The transltion region between hovering and about 30 miles per hour
shown in the flgure represents a speed range in which accurate data
could not be obtained in flight because of instgbllity and control
difficulties or in full-scale wind tunnels because of the largely
unknown interference corrections at low ailrspeeds. Full-scale data
were obtained in this region, however, by means of a relatively new
research tool - the helicopter test tower. It was found that the test-
tower results checked closely with theoretical calculations over most
of the transition region.

As a result of the experience gained through the use of the theory
and its experimental verlfication, several factors were found to influence
considerably the performance characteristics of rotors. One such factor
was the importance of smooth, nondeformable blade surfaces in reducing
the power required by the rotor in all flight conditions. (See refer-
ences ‘9 and 10.) The importance of well-built blades arises from the
fact that in cruising and high-speed flight blade profile .drag accounts
for from one-half to two-thirds of the total rotor losses.

Rotor theory and experiment have also shown that rotor performance
igs dependent to an appreciable extent on the amount of twist and taper



269

built into the blades of the rotor. Studies (reference 11) have indicated,
for example, that the rotor induced losses, which are the penalty that
must be paid for the thrust produced by the rotor, comprise approximately
75 percent of the total power losses in the hovering condition and that
these losses can be reduced to the extent of increasing the hovering pay
load by approximately 20 percent if the blades were designed with a
moderate amount of taper and twist, instead of being untapered and
untwisted. '

Theory and experiment have also pointed out the values of design
variables that would result in maximm performance. An example of this
is 11lustrated in figure 2, which shows the importance of low rotor
speeds and high blade lift coefficients for hovering and vertical-flight
performance. The top curve shows that a reduction of tip speed from
600 feet per second to 400 feet per second would reduce the power
required to hover at fixed thrust by approximately 25 percent. The lower
curve shows that at a fixed power and thrust, the same reduction in tip
gpeed results in a substantial Increase in the vertical rate of climb,
namely from 200 feet per minute to approximately 1150 feet per minute.
The question might naturally arise as to what constitutes a lower limit
to the tip speed and why the helicopter couldn't always operate at that
limiting condition. The answer lies in the fact that low tip speeds are
very undesirable at high speeds and that a good helicopter design must
either compromise hetween the two conditions or must deliberately favor
one at the expense of the other. (See reference 12.)

The choice of the proper tip speed and other design parameters for
efficient high-~speed flight must be investigated as part of the general
problem of rotor-blade stalling. This problem has received and is
getting a great deal of attention, inasmuch as it considerably reduces
the efficiency of a helicopter flying at high speeds and is the decisive
factor in limiting the top speed of present-day helicopters.

Blade stalling results from the fact that as the lifting rotor
moves forward, the advancing blades encounter progressively higher
velocities, whereas the retreating blades encounter progressively lower
velocities. Thus, in order to maintain approximately equal 1ift on both
sides of the rotor so as to prevent the helicopter from rolling over,
the low-velocity retreating blade must operate at higher angles of
attack than the high-velocity advancing blade. It follows that as the
helicopter increases its forward speed, the angles of attack of the
retreating blade will increase proportionally until at some value of
forward speed the angles of attack of the retreating blade will reach
the stall. Ag still higher speeds are reached, the stalling becomes
Progressively more severe and spreads to a larger part of the rotor disk
until the severe vibrations and the loss of control brought about by the
stall prevents the helicopter from flying faster.

The effect of forward speed and rotor tip speed on stalling is
illustrated in figure 3. The circles represent plan views of the rotor
disk, the direction of flight and direction of rotation being as shown.
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The dark region at the center represents the swept area of the hub and
blade shanks and the shaded crescents represent the regions where the
direction of flow over the retreating blades is reversed. For this heli-
copter, at 40 miles per hour and 210 rotor rpm, stall is beginming to
occur near the tip of the retreating blade: When the speed 1s increased
to 70 miles per hour, still keeplng the same rotor rpm, the stalled area
has increased conslderably. The reduction in stalled ares brought about
by 1lncreasing the rotor speed to 225 rpm 1s shown on the bottom circle.
At the same forward speed, the higher rotational speed reduces the
differential in speed between the advancing and retreating blades and so
cuts down the stalled area.

A criterion has been developed for predicting the limiting speed
due to stalling. (See reference 13.) It has been found that the
operational limit can be considered as reached when the calculated angle
of attack at the tip of the retreating blade exceeded the stalling angle
of the blade alrfoil by approximately 4°. One use of this criterion is
illustrated in figure 4 which shows the variation of the minimm allowsble
rotor speed, as set by blade stalling, with forward speed. The minimm
rotor speed was calculated for each value of forward speed by setting a
16° tip angle of attack at the retreating blade as the operational limit.
Thus, for a glven forward speed, a helicopter cammot be operated in the
hatched portion of the plot but must increase ite rotor tip speed until
the tip angle of attack 1s 16° or less (that is, 1t must be operated to
the right of the curve.) .

Although & helicopter can be flown until the 14° tip-angle limit is
exceeded, the profile-drag loss due to stalling begins as tip stalling
sets in. It has been foumd that the profile drag spproximately doubles
by the time the limiting top speed is reached. (See reference 1k.)

The effects of stalling on rotor profile drag cam be seen in figure 5,
in which the profile-drag power absorbed by two sets of blades are
plotted against speed. The dashed lines in the figure represent the
calculated power with no allowance for blade stalling, whereas the solid
lines include losses due to stalling and thus represent the actual
profile-drag power absorbed. Note that stalling losses are large In
comparison to the profile-drag power absorbed by the unstalled hlades
and that, therefore, the top speed of the helicopter is also reduced
because of the additional stall power.

Once the effects of blade stalling were understood, means for
alleviating or delaying these effects were investigated. A satisfactory
way to delay the stall was to twist the rotor blades so that the tip
sections worked at lower angles of attack than they would i1f the blades
were untwisted. (The effects of blade twlst were investigated in flight
and the results are reported in reference 15.) The effectiveness of
blade twist in reducing the detrlmental effects of stalling can be seen
in figure 5. The figure shows that an increase of about 10 percent in
the limlting speed of the test hellicopter appears possible with the use
of -8° of blade twist. Alternatively, twist reduces the stalling profile-
drag losses by approximately 40 percent of the profile-drag power absorbed
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by the rotors in the unstalled conditlon once stalling had developed on
both rotors. The use of blade twist is desirable. inasmch as, at the
very least, it appears to have no detrimental effect on rotor performsnce
in any other flight conditiom.

Another and somewhat obvious means for minimizing the effects of
blade stalling 4s by increasing the blade-sectlion stalling angle of
attack. The benefits to be had by so doing, in terms of an increase in
permissable load at a fixed tip speed, is shown in the left part of
figure 6. It can be seen from the figure that the permissable helicopter
load could be increaged by a factor of 3 if the section stall angle could
be increased from 12° to 20°. The successful application of varilious high-
1lift devices that would substantially increase the section stall angle
without prohibitive drag increases in the high-velocity low-angle-of-
attack regions of the disk will prove a fertile field for future heli-
copter research.

Just as blade stalling presents a lower limlt to the allowable
rotor tip speed, another limit exists that prevents operation at extremely
high tip speeds. That 1limit 1s compressiblility effects on the high-
velocity tip sections of the advancing blade. For a given stalling angle,
a higher section critical Mach number will permit operation at larger
gross welghts because it permite the use of higher tip speeds. It can be
seen from the right part of figure 6 that large increases in pay load can
be realized by increasing the critical Mach mumber of airfoil sectlons
used 1n the blades.

Although most rotor blades at the present time are composed of
conventional wing sections, attention is being given to the development
of alrfoil sections designed especially for rotors as distinguished
from wings or propellers. In addition to a high stall angle and a high
critical Mach number, the desirable aerodynamic characteristics of alir-
foll sections sultable for use as rotor-blade sections are: (1) nearly
zero pitching moment, (2) low drag throughout the range of low and
moderate lifts, and (3) moderate drag at high lifts.

Most of the NACA low-drag airfolls that have been developed have
too high a pitching-moment coefficient to warrant comsideration for use
with current hellcopter designs. (High pitching-moment coefficients
lead to undesirable periodic stick forces and to vibrations brought about
by periodic blade twist.) Althoigh this objection is removed with the
low-drag symmetrical sections, these sections are not applicable because
half of the low-drag "bucket, ' or, in other words, half of the limited
range of 11ft coefficients in which the important drag reductions are
achieved, 1s below zero lift; whereas the faster moving portions of the
helicopter blade are nearly always operating at positive 1ift coefficients-

In order to place the low-drag "bucket” in a useful range of 1lift
coefficients and still retain zero or almost zero moment coefficient, a
number of special airfoils have been derived. (See reference 16.) One
of these, the NACA 8-H-12, shows the most promise. A comparison of the
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NACA 8-H-12 section with the conventional NACA 23012 airfoil is given in
flgure 7, which shows a reduction in drag over most of the 1ift coeffi-
cient range combined with an earlier stall. Calculations of the perfor-
mance of rotors incorporating the new section have indicated the
superiority of the special section over the conventional sections. Full-
scale tests of practical-construction blades incorporating the NACA 8-H-12
section are needed, however, to determine the true worth of the airfoil
under actual operating conditions.

Vibration and Flutter

It is commonly accepted that where large, rotating masses are
involved, vibrations of some kind are likely to appear - and the hell-
copter is no exception. In fact, the designers of most of the earlier
types of helicopters had as much difficulty in reducing the vibration
to acceptable levels as they had in obtaining adequate performance. A
good deal of the trouble was caused by poorly built, umbalanced blades
and was largely eliminated with more accurate designs and an increased
knowledge of blade balancing and tracking procedure. A second source
of the vibration difficulties encountered were inherent in the helicopter
itgelf and could only be avoided when the phenomenon that caused 1t was
thoroughly analyzed and understood. An example of such a phenomenon is
a self-excited mechanical vibration known as '"ground resonance,” which
hes been responsible for the destruction of several autoglros and
helicopters.

Essentially, "ground resonance’ is a self-excited mechanical
vibration that involves a coupling between the motion of the rotor blades
about thelr drag hinges and the motion of the helicopter as a whole on
its landing gear. When the frequencies of the two motions approach each
other, a violent shaking of the aircraft occurs which, if undamped, would
result in ite complete destruction. This phenomenon was theoretically
investigated and a theory was developed which suggested means for
avoiding '"ground resonance." (See references 17 to 19.) In order to
make the theory easy to use, i1t was put in the form of simple charts
which predicted the range of rotor speeds in which the Iinstability
occurred and the amount of damping necessary to avold dangerous fre-
quencles.

Another example of a vibration problem peculiar to helicopters was
encountered in the operation of two-bladed rotors. The phenomenon was
called blade "weaving' from the appearance of the wavy path traced by
the blade tips and was found to be an serodynsmic instabllity or type
of flutter. The problem was investigated theoretically (reference 20)
and also by means of model tests. The genersl result of the study was
that a see-saw rotor with a coning angle is more unstable than an air-
plane wing having corresponding parameters. The additional unstebillizing
effect ig associated with the difference in moments of inertia in flapping
and in rotation. In fact, it was found that with certain combinations of
coning angles and blade design parameters, flutter could occur even when
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the chordwise center of maess of the blades was well ahead of the 25-
percent-chord point. Proposed remedies for the flubtter investigated
included decreasing the coning angle of the blades, designing the blades
8o that theilr mass tends to be confined to the plane of rotation,
increasing the control-system stiffness and forward position of the center
of mass, and adding mechanical damping to the rotor system.

The helicopter is subJected to a third type of vibration that cannot
be eliminated inasmuch as it 1s a forced vibration inherent in the aero-
dynamics of the rotor itself. This type of vibration is encountered, for
example, with two-bladed helicopters in the transition region between
hovering and forward flight wherein cyclic variations of induced and
profile drag give rise to horizontal hub vibrations or, for example, when
blade stalling is encountered in high-speed flight. (See reference 21.)
Although inherent vibrations of these types camnot be eliminated, they
can be isolated by sultably shock mounting the rotor system, and by
using irreversible controls that cannot transmit vibratory forces to the
pilot's controls. A great deal of work remains to be accomplished in
reducing the over-all vibration level of the helicopter so that it can
be flown for long periods of time without mmnecessarily adding to pilot
fatigue.

Stresses

Although the achievement of maximum helicopter performance and
reliabllity calls for a thorough knowledge of the stresses imposed on
the rotor and fuselage of the helicopter in all steady and accelerated
flight conditions, the general field of helicopter stress analysis has
been considered secondary to the aerodynamic problems. Literature on
helicopter stress analysis does exist, but, in the main, conventional
methods have been applied in analyzing the fuselage and rotor blades.
Blade analyses, for example, have been made by propeller strip methods
although an additlional complication that has been taken into account
is the spanwise bending of the blades, which tends to change the direction
of the centrifugal loading on the blades. (See references 22 to 26 for
information on blade stress analysis.) As yet, however, actual stress
values, and the various assumptions regarding blade loading that are
incorporated in these methods, have not been directly verified by reliable
full-scale test measurements. Aside from a direct check on the actual
stresses, the significance of these calculations would be greatly
strengthened if experimental data were obtained on the induced flow in
forward flight, so that the aerodynamic loading can be more accurately
calculated. (The induced flow in hovering has been directly verified
by British flight tests.) o

In comnection with induced-flow measurements, it might be mentioned
that the over-all magnitude and general distribution of the induced
veloclty have been verified by rotor-blade-motion and performance tests
made in flight. The Induced velocity actually appears to vary nonlinearly
in magnitude across the dlsk, however, and would therefore be expected to
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Influence considerably local stress values along the blade. .The problem
of determining induced velocltles is amenable to theoretical solution;
and although some work has been done along these lines (reference 27), a
good deal still remsins to be done before rotor-blade stresses can be
predicted with confidence.

Stabllity and Control

The information that has been accumilated on the stability and
control of helicopters during the past years has been rather limited.
In theilr desire to establish the practicability of the helicopter as a
flying machine, designers have concentrated on improving the performance
and reducing the vibratlons of the helicopter, while accepting marginal
stability and control characteristics. As a result, the helicopter in
its present stage of development i1s different and more difficult to fly
than most fixed-wlng alrplanes. In response to the lncreasing demands
placed upon the helicopter by the armed services and by commercial
operators, however, the lmprovement of the stability and control
characteristics of the helicopter and of its flying and hendling
qualities is perhaps the most lmportent helicopter research problem at
the present time.

A mumber of theoretical papers have been written on the subJect of
helicopter stability and control. (See references 28 to 32.) Although
the theories presented in these papers are somewhat different and some-
timee contradictory, it is gemerally agreed that (1) if the helicopter
is disturbed while hovering, and if the control stick remeins fixed, _
the helicopter will describe an oscillation about 1its originsl hovering
position, and (2) the amplitude of the oscillation will increase with
time. According to definltion, the helicopter 1s thus dynamically
unstable in hovering. Calculations. indicate that the period of the
osclllation of & two-place, 2700-pound helicopter is of the order of
10 sgeconds and that the rate of divergence is small. Limited flight
data, obtained in this country (reference 33) and in England have
roughly checked the calculations and have Indicated that the instabllity
of the hovering oscillation 1s not a problem to the pllot.

The helicopter does have some handling characteristics in hovering
that are frequently objJectionable, especially to the novice pllot. One
of *he handling problems that the trainee must overcome with the smaller
gized helicopter arises from the high control semsitivity of the helil-
copter in roll or, in other words, the high rate of roll per inch of
stick displacement. This sensitivity frequently leads to over-controlling,
which may result in & short-period pilot-induced lateral oscillation.
Control sensitivity becomes less of a problem with large machines because
for a gilven stick dlsplacement the rolling veloclty obtained will vary
inversely as the dlameter. Frequently, undesirable stick-force gradients
are additional factors that add to the control problems of the unexperl-
enced helicopter pilot.
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Another control difficulty that might be mentioned has been encoun-
tered in the partial-power vertical-descent reglon between approxi-
mately 500 and 1500 feet per minute. In this vertical-descent range,
the vibration of the helicopter becomes quite pronounced. Rather violent,
random yawing motions then occur with some roll; the rate of
-descent apparently increases rapidly; the rotor rotational speed varies
noticeably; and more often than not the helicopter eventually pitches
nose down and recovers by gaining speed, despite application of consid~
erable rearward control. There is much to be learned about this regime
of operatlon, but preliminary indlcatlions are that the fundamental cause
of the phenomenon is an unsteady, mixed flow of air through the rotor.
Irregular flow in this intermediate f£flight condition might logically be
expected inasmuch as air is blown downward through the rotor in
hovering, whereas in completely power-off descent an upward flow of air
takes place. Although pllots have experienced no difficulty in recovering
from the maneuver at any stage desired, the phenomenon could be dangerous
if it occurred at very low altitudes. ,

The helicopter has certalin undesirable stabllity and control charac-
teristics in forward flight as well as in hovering and in vertical
descents. The major complaint reported by pilots is that they find it
quite difficult to hold steady conditions in forward flight because of
a strong tendency of the machine to diverge In pitch. Investigation has
shown that this tendency results from the fact that the helicopter in
general 1s unstable with angle of attack. There are two logical
- gources for this instability. The first source ls the usual unstable
fuselage, and the second results from the flapping of the rotor. When
a flapping rotor is subjected to an angle-of -attack change in forward
flight, the resulting change in blade flapping will be such as to further
Increase the rotor angle change-

Theoretlcal calculations indicate that the instabillity of the rotor
and fuselage with angle of attack, if not overcome by a stabilizing
means such as a tall surface, results in an unstable dynamic oscillation.
Flight test results of stick-fixed oscillations, reported in reference 34,
qualitatively checked the calculations. An example of an oscillation
obtained at 40 miles per hour is shown in Pigure 8. The oscillation was
initiated by a momentary aft motion of the stick. The period of the
motion is about 1k seconds, which is long enough so that the pilot does
not have trouble controlling the oscillation. The motion doubles in
amplitude in about 1 cycle. Results obtained at higher speeds, however,
have indicated that the motlion following a dlsturbance is a divergence,
rather than an oscillation. As you can well imagine, a divergent motion
that could be brought about by a sudden gust is a dangerous maneuver if
corrective action is not immediately initiated.

An example of such a maneuver obtained at 65 miles per hour is shown

. in figure 9. Again the helicopter was disturbed by an intentional stick
motion, after which the stick was held fixed at the trim position. The
hellicopter nosed up mildly and then nosed down. It was still nosing down
at an increasing rate, as the acceleration curve indicates, about 4 seconds
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after the 1 g axis was crossed, and recovery had to be made by control
application. In fact, considerable difficulty was encountered in
recovering from the maneuver because the acceleration continued to build
up 2 seconds after the cyclic control stick was at its forward stop. The
pilot had to reduce the total pitch and had to roll the machine as in a
wing-over before steady flight could be reached.

In general, 1t was found that though the helicopter is unstable over
the entire speed range, its instability is least in the 40 to 60 miles
per hour reglon. At higher speeds, the pilot has progressively less
time to initlate recovery from a disturbance and the machine becomes
rapidly more unstable.

It should be understood that the undesirable stebllity and control
characteristics Just discussed do not prohibit the present-day helicopter
from being a useful tool for specialized purposes. Various means for ‘
eliminating these characteristics are under consideration in order to
utilize all the potentialities of the helicopter, but the choice and
application of these solutions depend upon continued research and
development.

Future Research Needs

An attempt has been made herein to acquaint the reader with the
present status of helicopter research. It may therefore be appropriate
to conclude with a statement on future research needs.

Requirements for satlisfactory flying qualities of helicopters should
be established, similar to those already set up for the alrplane, and
means for meetling these requirements should be investigated. In particu-
lar, methods should be found to give the helicopter stick-fixed and stick-
free stability in hovering and in forward flight. With thls in mind,
automatic-flight devices should be investigated; and the effectliveness
and application of aerodynamic servocontrols and other control arrangements,
including power controls, should be studied. Also, theoretical and
experimental studles are needed to explain and correct the control diffi-
cultles encountered by pilots in the tramsition region between hovering
and cruising flight and when descending vertically at partial-power
conditions.

The trend toward large-diameter load-carrying helicopters calls for
a more extensive knowledge of rotor-blade aserodynamic loading and blade
stresses. Induced velocity and stress measurements should, therefore,
be made and thoroughly analyzed. The use of more than one lifting rotor
on the large load-carrying helicopters calls for a thorough investigation
of the aerodynamic characteristics of the various multirotor arrangements
that are being proposed. In particular, induced flow studies should be
made for the various configurations that are now being used. Such studies
would be useful for stability work and, also, for performance inasmich as
induced power requirements appear to be the primary unknown in computing
the performance characteristics of multirotor configurations.
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The application of Jet propulsion to helicopters has long been
considered as a desirable means for increasing the simplicity and the
load -carrying ability of the helicopter. Several helicopters utilizing
the Jet principle have already been bullt and flown. A great deal of
research, however, is stlll needed to establish the aerodynamic require-
ments of Jet-driven helicopters and to produce an efficient Jet system.
The use of Jets also brings sbout addlitional problems involving blade
design, vibration, and stabllity characteristlics that should be
antlicipated and solved.

It 1s hoped that an early and successful solution of these problems
will make the helicopter & truly dependable and indispensable aircraft.
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Figure.l.- Comparison of rotor characteristics as calculated and measured

" in flight.
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Figure 2.- Effect of rotor tip speed on hovering and vertical flight performance
of sample helicopter.
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Figure 3.- Effect of forward speed and rotor tip speed on rotor-blade stall.
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Figure 4.- Variation of minimum rotor tip speed, as set by rotor-blade stall,
with forward speed.
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Figure 5.- Effects of rotor-blade stall and blade twist on rotor profile-drag

power.
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Figure 6.- Effect of rotor-blade-section stall angle and limiting Mach
number on the permissible load carried by a sample helicopter.
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Figure 7.- Comparison of the profile-drag characteristics of the NACA 23012
and NACA 8-H-12 airfoil sections.

IN h STICK POSITION
FW'D N —

4

o PITCH ATTITUDEV\
DEG LN \/

ol NS

NORMAL

- ACCELERATlONy\

9'8 p—— S~ \/
I
SNAGA

I |
0 10 20

SECONDS

Figure 8.- Time history of a helicopter oscillation obtained in flight at
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Figure 9.- Time history of the divergent motion of a helicopter obtained
in flight at 65 miles per hour.





